the time domain waveform all the way to the sampling limit (44,100-Hz default sampling rate, or 22.7 ms between data points). Beginning at a time just before a particular click, I selected a time interval equal to the period of the desired frequency (e.g., 0.005 s for 200 Hz). Using Audacity's copy and paste feature, I quickly built up trains of clicks of the desired durations and frequencies. In this way, I generated the first four measures of the song "Somewhere Over the Rainbow. " To keep the calculations easier, I used a base note of 100 Hz rather than an actual note from a standard musical scale, and a tempo of two beats per second.
My simulated zipper is not a beautiful-sounding instrument, but I used it to illustrate and reinforce several important concepts: 1) the relationship between period and frequency; 2) the sound analog of the Slinky TM activity showing pulse waves and periodic waves; and 3) how the human ear perceives pitch.
Harmonic series and the speed of sound from a PVC pipe trumpet PVC pipes are the basis of many of the percussion and wind instruments my students make. The PVC pipe trumpet is one example. These are played like any brass instrument, except there is no mouthpiece. To first order, the pitch is determined only by pipe length. 2 Following is a generalized description of how I use a single ½-in PVC pipe trumpet (~90 cm long) to teach relevant concepts.
I play the pipe's lowest note. While recording, Audacity plots the time domain waveform in real time, so students can qualitatively observe the relationship between amplitude and volume. After recording, I zoom in on a portion of the waveform with a steady volume to show that it is not a simple sine wave. But it is clearly periodic, and students can use the time scale to measure the fundamental period and then calculate its corresponding frequency. I select a sufficiently long time interval and click the "Plot Spectrum" tool under the "Analyze" tab. Audacity performs a fast Fourier transform and plots the corresponding frequency domain, so students can see that the dominant peak has the same frequency as the fundamental that they just calculated. I continue to play higher harmonics of the pipe and use the "Plot Spectrum" tool to determine the fundamental frequency of each note. Students discover that the resulting sequence of frequencies approximates the odd whole number multiples of the pipe's fundamental frequency. They later learn that this observation is well explained by the node-antinode case of the Wave-in-a-Box model of standing waves (and we explore applications of this model to other resonance phenomena).
Thus, even though these students are not ready for the
Inexpensive Instruments for a Sound Unit
Bob Brazzle, Northwest High School, Cedar Hill, MO M y unit on sound and waves is embedded within a long-term project in which my high school students construct a musical instrument out of common materials. The unit culminates with a performance assessment: students play the first four measures of "Somewhere Over the Rainbow"-chosen because of the octave interval of the first two notes-in the key of C, and write a short paper describing the theory underlying their instrument. My students have done this project for the past three years, and it continues to evolve. This year I added new instructional materials that I developed using a freeware program called Audacity. 1 This software is very intuitive, and my students used it to develop their musical instruments. In this paper I will describe some of the inexpensive instructional materials in my sound unit, and how they fit with my learning goals.
Introduction to the unit
I open the unit on a 90-min block day class with a carousel activity in which students explore sounds produced by objects that simulate the three categories of musical instruments: percussion, strings, and winds. The goal of this opening activity is to have students describe the relationship between pitch and other physical quantities (e.g., pipe length, tension, etc.).
The strings station features a unique demonstration using assorted rubber bands and a CRT-type computer monitor. Simply stretch a rubber band vertically (i.e., perpendicular to a table top) in front of the screen and strum it. The stroboscopic effect of the screen allows the viewer to see the waves traveling on the rubber band. Various specific combinations of length and tension produce standing waves, and these can be found with a little trial and error. So the students can see the rubber band's wavelength and simultaneously hear its pitch. It is sufficient for a student to produce two different standing waves and compare their pitches and wavelengths. Thus I begin the unit with an experiential activity in which students observe and describe physical phenomena related to music and sound.
Playing a song on a zipper
As a zipper is opened or closed, the rapid succession of clicks made by each tooth produces the sensation of pitch, with a frequency equal to the rate at which individual teeth are engaged or disengaged. In theory, one could play a song on a zipper! In practice it is very difficult to precisely control or gauge the zipper's speed (I certainly can't do it).
I used my laptop's built-in microphone with Audacity to create a simulated zipper sound. I recorded the sounds produced by striking together various damped metal objects. With Audacity's magnifying glass tool, one can zoom in on details of Fourier transforms, they can learn some of the important supporting concepts through these observations: 1) Real waves can be represented in the time domain or the frequency domain, and these correspond through a mathematical relationship. 2) Complex musical notes are superpositions of simpler pure tones. Later in the unit, I further develop this idea from the other direction: Audacity can generate pure sine wave tones, and allows the user to input frequency and relative amplitude and play multiple tracks simultaneously. So we use Audacity to record and analyze the sounds produced by real musical instruments, and to approximate the timbre 3 of these instruments by sequentially adding their loudest component pure tones. At that point, I visually augment the superposition concept with a simple Excel spreadsheet in which I plot a generalized waveform that is the sum of the first 12 terms of a Fourier series. I then change the waveform's appearance in real time by manually adjusting the amplitude coefficients.
Our PVC pipe data can also be used to calculate the speed of sound in air. Figure 1 shows a graph of frequency versus harmonic number (n) for three different pipe lengths (one end open, one closed). The slope of each line is proportional to the speed of sound (v) according to the equation:
The three pipe lengths (L) shown yield an average of v = (342.3 ± 0.5) m/s, in excellent agreement with the expected value of 343.4 m/s for room temperature, 4 considering the systematic error (~0.3% for L = 1.800 m) from the end effect mentioned in Ref. 2 . The high precision of these numbers comes from the tuner, 7 which has an average measurement precision of about one part per thousand. This represents yet another way to determine sound speed using a resonant air column, 5 but this approach has the advantage that it requires only one length measurement and potentially no construction, it involves no subjectivity in locating resonance peaks, and there are no moving parts!
Making an instrument to play a song
There are five unique pitches in the first four measures of "Somewhere Over the Rainbow. " Generally, construction of the musical instruments takes place in two phases. In the first phase, students decide what type of instrument to build and then make a trial version. 6 With this they empirically study the correlation between frequency and some other relevant physical quantity (such as pipe length). This requires that they be able to accurately measure frequency. In the classroom, I have several Boss TU-80 tuner/metronomes for this purpose. 7 Audacity makes it possible for students to make accurate frequency measurements at home (as described above), where part of the construction usually occurs.
In the second phase, students use the correlation to make predictions (e.g., required pipe length) and then construct their final instrument. To receive full credit on the performance assessment, each note must be within 20 cents (~1%) of its target frequency. 6, 7 Figures 2 and 3 show data I obtained while investigating the PVC pipe trumpet and a copper pipe flute (side-blown like a regular flute), and the resulting best-fit line equations. In each case, I began with a long pipe, played as many harmonics as I could while recording with Audacity, then shortened the pipe and repeated. Frequencies were verified with a tuner. Figure 2 demonstrates a good agreement with theory for a pipe closed at one end: the expected slopes for the fundamental, third, fifth, and seventh harmonics are 4, 4/3, 4/5, and 4/7, respectively. Figure 3 shows good agreement with theory for a pipe open at both ends: the expected slopes for the fundamental, second, third, and fourth harmonics are 2, 1, 2/3, and ½, respectively. 8 A major purpose of my musical instrument project is to expose students to the interaction between theory and experiment. They discover that, while simplified models can often explain observations to a good approximation, precise measurements sometimes reveal deviations from theory. The deviations result because some neglected physical quantity turned out to be important, and this increase in complexity requires additional modeling. For example, closer scrutiny of Figs. 1, 2 , and 3 might trigger thoughtful questions and stimulate additional research (e.g., Why can't one play the lowest harmonics on a long PVC pipe trumpet? Why does the agreement seem worst for the fundamentals? Why are the y-intercepts larger for pipes open at both ends?). Audacity enabled my students to get through the development stages faster, allowing them to spend more time researching these deeper questions as well as examples of resonance that exist in other branches of physics.
